Voice activity detection (VAD) algorithms have b e come an integral part of many of the recently standardized wireless cellular and Personal Communications Systems (PCS). In this paper, we present a comparative study of the performance of three recently proposed VAD algorithms under various acoustical background noise conditions. We also propose new ideas to enhance the performance of a VAD algorithm in wireless PCS speech applications.
INTRODUCTION
Conversational speech is a sequence of consecutive segments of silence and speech. In wireless telephony, the user is often roaming and thus encountering different types and levels of background acoustical noises. This background noise which contaminates the signal results in either noise only or speech plus noise segments. In many speech processing applications, it is desirable to detect speech in the noise. This process is called voice activity detection (V.4D) 111. The VAD operation can be viewed as a decision problem in which the detector decides between noise only, or of speech plus noise. This is a challenging problem in noisy acoustical environments.
Voice activity detection is used in a variety of speech communication systems such as speech coding, speech recognition, hands-free telephony, audio-conferencing, and echo cancellation. The recently proposed multipleaccess schemes, such as CDMA, and enhanced TDMA for cellular and PCS systems use some form of VAD 111. Moreover, in GSM-based wireless systems a VAD module is used for discontinuous transmission to save the battery life of portable units 
T h e T O S VAD
Symmetrically distributed (non-skewed) processes are characterized to have a third-order cumulant (TOC) that is identically zero at all lags. However, speech signals have been observed experimentally to be skewed enough to produce significantly non-zero TOC at all lags. Under the assumption that many noises can be modeled as Gaussian or-symmetrically distributed processes, it is possible to discriminate speech from noise.
In [SI, a novel time domain Gaussianity test is used in the speech detection process. The test statistic of this VAD, 2 is defined as 2.1. The GSM VAD In the GSM VAD, an adaptive noise-suPPresmr filter is used to filter the input signal frame. The coefficients of the filter are computed during noise-only periods. The energy of the filtered signal is compared to a noisedependent threshold. As both the filter coefficients and the threshold are computed during noise-only frames, special measures are taken to idtentify noise frames. These include both signal stationzuity and pe-iodicity tests. The major weakness of this VAD lies on the stationarity assumption of b&gould noise. This is not always the case for many of the cornmonly encountered noises in wireless telephony.
To improve the performance of the GSM VAD for both stationary and non-stationay noises, Srinivasan and Gersho [l] proposed several new features to the basic VAD design. These include a niulti-band (4 bands) energy comparison, spectral flatness measurement, and using the fraction of the energy of the low frequency band-This improved GSM VAD is more Powerful as it relies on multiplethresholds to make the final decision. Some of these thresholds are determined empiri- 
The EVRC VAD
The EVRC coder [3] uses a brate determination algorithm (RDA) to select the appropriate rate and coding strategy for each input frame. The lowest rate signif i e a noise-only frame. For our comparative study, we have changed this RDA to output a binary VAD flag. The basic idea of this VAD is similar to the GSM VAD or its improved version. However, the novel part of this VAD is its dynamic updating of the thresholds in a way that copes with different background noise environments and conditions. The spectrum of the input signal is divided into two bands and the energy in each band is compared against two thresholds. Speech is detected if the energy in each t m d is greater than the corresponding lowest threshold. The thresholds are scaled versions of estimated sub-band noise energies from previous frames. For more details about the VAD implementation, see [3].
based On pose of this study, we have recorded several acoustical environmental noises (bus, street, restaurant) and used some noise signals from the NOISEX-92 database (car noise, babble) [9] . Background noise was digitally added to clean speech with SXR values of 20, 10, and 0 dB. The performance of a given VAD algorithm is a function of both the noise level (SNR) and the structure of the background noise (stationary, nonstationary, white, or periodic). In Figures 1-8 , we show on each figure the binary output of each V.4D superimposed on a noisy speech signal. Due to the space limitations, we show the VAD results only for a high SNR (20 dB) and for a very noisy environment (0 dB). It is common in modem VAD algorithms to use a 'hangover' period of few frames to delay any premature transition from speech to noise [1,2,3] . This is to minimize the probability of missing speech especially for low-energy unvoiced speech. These hangover mechanism are generally not effective in correcting isolated VAD errors (i.e 'one' among a sequence of zeros or vice versa). For many VAD applications (especially speech coding), it is desirable to clean up such errors. We have developed an isolated error correction mechanism (IECM) that significantly corrects the VAD decision in away that makes it more useful to speech applications. The basic idea of the IECM is that we delay the decision by 2 to 3 frames to monitor the VAD decisions in neighboring frames. If the current frame VAD decision is different from its close neighbors, then its VAD flag is changed to be similar to the other frames. This is repeated for each frame to remove any isolated errors. In Figure 7 , we show the effectiveness of this algorithm in enhancing the VAD results.
DISCUSSION
In this paper, the simulation results shown in Figures  1-6 are the VAD decisions after isolated error correction. The results show a consistent superiority of the EVRC VAD in detecting speech for almost all types of noise and even for very low SNR. However, it occasionally detects noise as speech (false alarm) especially for babble (simultaneous background conversations) noise as SSR gets low. The TOS VAD is ranked overall second in performance and shows almost-perfect detection results for babble noise at 0 dB.
The GSM VAD exhibits good performance under stationary noise environments while it has difficulty distinguishing speech from noise in non-stationary noises such as buses, babble, and street. Also, its perforconsistent superiority of both the EVRC and the TOS VADs when compared with the GSM-based VADs. We have also shown that VAD decisions were improved by using the proposed isolated error correction mechanism and the LP residual as the input signal to the VAD.
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